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ABSTRACT

Wc are fabricating sub-collimating X-ray grids that arc to bc usrd in an ins(rumcnt for the High Energy Solar
Spectroscopic lmager  (liliSSl),  a proposed NASA mission. The H1iSS1 instrument consists of twelve rotating pairs
of high aspcc(  ratio, high 7. grids, each pair of which is separated by 1.7 meters and backed by a single Ge detector.
Tbe pitch for tbcsc grid pairs ranges from 34pm to317 pm with tbc grid slit openings being 60% of the pitch. For
maximum grid X-ray absmbing with n]inimutn loss of the solar image, the grid thickness-to-grid-s]it ratio must bc
approximately 50:1, resulting in grid thicknesses of 1 to 10 nlillili]cters.  lhr our proof-of-concept “grids wc arc
implementing a design in which a 34 ~n] pitch, free-stancling PMMA  grid is fabricate.d with 20 pm wide slits ancl an
800 )Im tbickncss.  Stiffeners that run perpendicular to the g,rid are placed cve~y 500 pm. After exposure and
developing, metal, ideally gold, is electrodeposited  into the free-standing PMMA ~rid slits. The PMMA is nol
removed and the metal in tbc slits acts as the X-ray absorber grid while the PMMA holds the individual metal pieces
in place, the 1’MMA being nearly transparent to the X-rays coming from the sun. I’or optimum imaging
pcrformancc,  the root-mean-square pitch of the two grids of each pair must match to within 1 part in 10000 and
simultaneous cxposums of stacked sheets of PMMA have insured that this rcquircmcnt is met.

Keywords: x-ray collimators, x-ray grids, thick films, high aspect r:itio  structures, h41}MS  clectrop]ating, LIGA,  x-
ray lithography, deep etch x-ray lithography



2. INTROI)LJCTION

‘1’hick grids,  filters, and o[her repeated pa[(ern  structures have been fabricated by high aspect ratio means for swnc
lime.1 . I’hcsc stl-ucturcs  have various requirements governing the nlinimunl rcquiled thiclmcss, including strength,
structural s[abi]ity, and optical collimation. Thick, fine-featured grids are rcquilcd  for the Iligh  lincrgy Solar
Spectroscopic lmagcr  (1111 SS1)2, a proposed NASA mission that will promote the understanding of solar particle
accclera[ion  and cxp]osivc energy release in the magne.tizcd plasmas at tbc Sun. These grids have a required
minimum pitch that is dctemincct  by the. expected angular resolution of the imagcl and have a required minimum,
and maximunl, thickness tha( is governed by the photon energy bandwidth desired for the X-ray imager.

‘1’he 1111SS1  mission proposes to perform high resolution imaging and spectroscopy observations in the soft X-ray,
hard X-ray, and gamma-ray regimes, with finer angular resolution (]lcarly 2 arcsecomis) and finer energy resolution
(approximalcly  1 kcV) than has been previously possible2. This combination of imaging and spectroscopy is
achieved with a set of Rotating Modulation Collimators placed in front of an array of cooled germanium and silicon
detectors. A SC( of 12 hi-grid collimators, each of which consists of a pair of identically pitched, widely-separated
grids, is uscci to provirtc the imaging. l;ach grid consists of a planar array of equally-spaced, parallel, X-ray opaque,
slats separated by X-ray transparent slits. If the slits’ of each grid arc parallel to each other, and the pitch is identical
for the Iwo grids, [hen the transmission through the grid pair depends on the direction of incidence of the incoming
X-rays as shown in l~ig. 1. nor slits and slats of equal width, tile transmission varies between zero and 50%
depending on whether the shadows of the slats in the top grid fall on the slits or slats of the Iowcr grid. A cornple[c
transmission cycle from zero to 50% and back to zero corresponds to a change in source ctircction that is given by
p/f,, wber-c 1, is the separation bet wecn the grids. The angular resol ution is then given by p\(21.).  Rotation of a grid
pair assembly provides the change in source direction and by using the 12 ctiffc]cntly  pitched grid pairs, a two
dimensional image of the source can be reconstructed from the Fourier components determined from the modulated
signals.
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Figure 1 Schematic of forward and aft grids in the Rotation Modulation Collimator. Note off-axis photon
path.
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3. {;]{1 D WQU1  RNM ItN’J’S  AN1) I)lWGN

3.0. Grid rcqoircnwnls

‘1’he tincsl  angular mmlulion  is a function of the smallest pitch of the grids. 1:01-  a minimunl rcsolu[ion  of 2
amcconds and a gricl separation of 1.7 meters, the pitch of the f]ncst grid must bc M pm. 1 iach grid must be alnlost
pmfcctly  identical ; the RMS pitch of tbc grids in each pair must correspond to within 1 part in 10000.  The
tolerances for each grid as to slat width, thickness variation, and slat position are n}ucb lCSS stringent, being on the
order of 5% to 1 (Y%. “J’hc  active grid area of the lower, 01- aft, grid must have a dianmtcr of 7.1 centimeters and [he
front gricl a diameter of 8.9 centimeters.

‘1’bc tbickncss of [he grids is dctemined  by two factors. l~or contrast at (he high photon energies, the grids must be
fabrica[ccl  from a high-Z material and bc as thick as possible for maximum photon absorption, I Iowever,  the field of
view of tbc top grid through each slit must be at least 1 degree for full-Sun plus flare imaging. ‘l’his requires that the
aspect ratio of tbc slit bc at most 57:1. The optimum grid slit width is 20 pTIl  for tllc 34 pm pitch grid, resulting in a
maximum thickness for this grid of 1.1 millimeters. ‘l’his thickness allows collinlation of photons with energies of
less than 300 keV.

The pitch of (Iw coarsest grid will bc 2 millimeters with a corresponding t}iickness of 2.5 centimeters, allowing
collimation of photons of Llp to 2(I MeV. Techniques sLIcb as elccttodiscbargc  machining (lH)M) and tungsten foil
stacking using spacc]s can bc used to fabricate grids with J~itchcs fI”OJn 2 mi]]imc[crs  dowJ~ to approximately 100
pm. llowcver,  tbc 10-4 correspondence for the RMS pitch for arly grid pair ha< not yet been mcl by the above
methods fo]’ grids with pitches below ] 00 UJn. The LIGA processing tcchniquc Jwovidcs  a unique ant] ideal method
for fabl”icatill.g the three required grids with pitches smaller than ~ 00 ~nl.

3.1. Grid  design

lhc original design for the 34 pJn pitch gricls had a series of parallel slats stiffened cve.ry 1000 pm by a slat that was
oriented perpendicular to the fine parallel slats. This design was modified wbc.n it was clctermined  that the resist
mold for this conllguration  would require 1000 pm tall features with a footprint of only 20 by 1000 pJn as shown in
I:ig. 2. I’he second configuration had larger footprint as is also shown in Fig. 2. However, while the footprint was
iarger, the long times required for developing down ] JIIJI1  meant t]lat soJnc  parts of the poly mcthy] mcthacrylate
(PMMA)/substrate interface would continue to fail.

A modification to (his developing method was introduced by performing the exposures using free-standing sbcets of
I)MMA as shown in l;ig. ~. The 1’MMA triple cell grid sample was l)artially de.vclopcd,  down to a depth of about 30
to 60 pm anti then a 2000 ~ metallic seed layer was Sputtered over and into the resulting features. A 25. pm metallic
layer- was then clcctroplatcci  into the features using the sputtered n]etal as a plating strike. The sample was then
coJnplcIcly  dcvelope{i dowJ)  through the exposed resist fl om the Unplated  siclc to the side covered with the plated
metal. }lowcvcr, lhc 800 pm tal] mo]d picccs were not stiff enough to maintain the required registration in the grid
slats at the top of the mold and the samples plated using these molds did not bavc acccptab]e registration at the top.

A completely different grid design is now used to fabricate the g]ids. This dcsi~?,tl consists of a very rigid mold
structure which does not require a substrate. A free-standing sheel of PMMA that is not mounted on a substrate is
exposed SLJCh that, after developing, the mold structure is a free-statlding single cell PMMA grid mold as shown in
l:ig. 4. ‘1’hc opcJ~ slits in this grid are filled with electroplated metal which acts as the X-ray absorbing collimating
gri(i si J)CC t bc 1’MMA sla[s bet wccn the metal-filled slits are acceptably transparent to high energy X-rays down to
approximatcl y 10 kcV photons. This grid can collimate X-rays from 10 keV to 300 keV, mceti ng the specifications
for tbc 34 pm pitch grid, l:or lower energy X-rays, a grid must bc used that has no material between the absorbing
slats~ .
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I’igurc  2. The footprint of the original l’Mh4A  mold features for the single CCII grid did not provide
sufficient adhesion and the mold fell apart. The trildc cell grid mold had a much greater adhesion
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1~’igurc 3. Alternative method of developing and plating to incrcasc resist adhesion during plating.



An oxygen plasn)a cleaning is pcl-fol-nmi on the resist side of the w:ifer.  I’his S(CP  is required to clean the surface of
(I)c gold seed hiycr. Without this step, the electroJ>lating process is not reliable anti Iargc variations in plating rate
occur over Ihc wafer. ]n extreme cases, no plating occurs at all. Initial efforts in c]cctroplating gold into the resist
were made using a potassiuln  gold cyanicic bath. This basis bath is not compatihlc  with the A7,1’4620 resist and
delamination of the rcsis( from the substrate is only eliminated by doing an initial plating of copper. An acidic gold
clccti-olytc has been found anti the electroplating of gold is now pcrf(mncci  using a l’ccbnics 251~ sodium gold sulfite
bath with a p] 1 of 3.8 and a tcmpcraturc of 51.6 ‘~. ‘Ihc current density is 0.003 A/cn)2 (3 A/ft2). The gold is plated
up to Iilc top of ti~c resist. The photoresist  is then removed and the mask is mounteci  in an aluminum holder plate.

4.2 ]@) OSUrC of the 1’MMA

4.21 Kxposurc  light source

Exposures of the 1’MMA were made on two synchrotrons -- the Advanced Light Source (AI.S) at I.awrencc
IIcrkelcy I.aboratory  in Dcrkclcy, California and the Stanford Synchrotrons Radiation 1.aboratory  (SSR1.) in Palo
Alto, Uifomia. The ALS bending magnet photon output has a characteristic cncigy of 1.6 keV when running at
1.5 GcV and a ci]aractcristic  energy of 3.1 kcV when running at i.9 GeV. IIeamline  10.3.2 at the AI.S has an
acceptance of 2 milliradians  and a beatnline length of 30 mc(ers  resulting in a horizontal exposure width of 6
ccntimctcrs.  SSR1. has a characteristic energy of 4.7 keV with an 11 centimeter exposure spanning 5.5 milliradians.
Because tile X-ray masks for the grids are currently fabricated only on 200 pm thick silicon substrates, grid
exposures are carried outonly  at SSR1. and at the A1.S duIing 1.9 CJC.V operation since an insufficient flux of energy
fl-~m the 1.5 GcV output can pass through the silicon mask substrate

/--
‘ -- g l u e

PMMA ShCCt

mask holder plate

l~igurc 5. Assembly schematic showing the X-ray mask, its holder, and multiple sheets of J’MN4A  on Icft and
the X-ray exposure direction on the rigilt.

4.2.2 San~lJ1c preparation

The exposures at both the Al .S at 1.9 GeV and at SSRI. at 3.0 GeV are made using slacks of PMMA sheet, AtoHaas
Plexiglas@ G with a molecular weight of between 1 and 1.5 million. Although the target thickness of the final 34
pm pitch gl-i(is  is 1.1 millimeter, 800 pm tilick sheets are used for each Iaye] since they meet the minimum thickness
requirements. llnch 9 ccntimctcr  square of PMMA is annealed at 100 degrees centigrade  for three hours and then
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cooled at ().25 OC pcr minute to room tcmpcraturc. l’ypica]]y,  six sheets ate glLIcd together at the corners using a
cyanoacrylatc  adhesive, as shown in }iig. 5. This stack is then Fluccl di~cctly to (I1c mask holder plate with a
separation of approximate] y 200 to 500 }Lm between the mask and top sheet of I’M MA. Previous methods of
holding the ]nask and PMMA sheets in place with respect to one allothcr  relied LIpon clamping mechanisms but it
was dctcrlnincd that the gluing ensured continued alignment. It should bc noted tha[ tbc alignment of mask feature
to substrate fca[urc  prior to exposure has not yet been ncccssary.

4.2.3 Nxposurcs

‘l%c exposures at SSR1. were set such that grid slats defined on tllc mask ran horizontally. In this manner, the
maximum angle of the sidewalls, dud @ beam angle, can bc assumed to bc 0.5 }tm pm 1 millimeter height since the
angular spread of the X-ray beam in the vertical direction is 0.5 milliradians.  I~urthcr, since any horizontal pattern
edge passes both the top and the bottom of the X-ray beam ancl the higbcst energy photons are concentrated
vertically in tbc central portion of the exposure area, tbc exposed section of the resist can bc considered to be better
than lhc above 0.5 milliradians.

~ 4 Since the pMMA absorbs the lower energy photo~~sThe target exposure dose is between 2 kJ/cm3  and 20 kJ/cm
more readily than high energy ones which can penetrate more deeply into the resist, the front or top of the I’MMA
stack receives a higher dose than the back. In order that all the exposed I’MMA receive a dose high enough to bc
developed while not being overdosed, the ratio between the front and back doses shouht remain below about 5. The
filters through which Ihc synchrotrons X-ray beam passes before cxposin~ the PMMA resist include beryllium,

“) The target dose for the backaluminum, the silicon substrate of the X-ray mask, and for some exj]osurcs,  Kapton .
side of the last I’MMA sheet is typically 2.5 kJ/cm3 rcsultirrg in nlaximum doses on the front of approximately 7
kJ/cm3 for exposures at SSR1. and 10 k.Vcm3 for exposures at the A1.S with exposure times of 4 hours and 13
hours, respectively, pcr 1 cm of vertical scan. No cooling is currently used for the ~nask or substrate. The samples
arc scanned in front of the beam at speeds ranging from 35 to 70 mm/s.

4.3 l)cvcloping  of cxposccl  resist

Developing of the exposed resist is performed using the “GG” developers - 60% 2-(2 -butoxyethoxy) ethanol, 20%
morpholinc, 15% water, 590 cthano]aminc. The samples arc developed at 35°C in 1000 ml of the developer using a
magnetic stirrer for agitation. They arc then rinsed in 1000 ml of 35°C “GG” ] insc, 80% 2-(2-butoxycthoxy)
cthaaol, 20% wa[cr, and then rinsed again in 35°C 1>1 water.

Since the exposed samples of resist are free-standing sheets of PMM A and the developed pattern is a self-supporting
grid, they can bc developed from both sides of the sheet simultaneously. ‘l’he 800 VIII thickness of the sheets, in
addition 10 the unexposed surrounding area, ensures a structurally sound geometry that remains intact through the
developing process. ‘J’hc samples are immersed in the developer in a such that the flow over the surface of the resist
is parallel to the lines of the grid. Samples in which the flow is pcrJ)endicular  to the grid develop very slowly, Full
development times for J>arallel flow developing range for an 800 Km thick grid range from 1 hour to 12 hours
ctepcnding  on the exposure dose. These long develop times result from the small size of the slits which arc
nominally 17 pm wide. After the sample develops through, the sample is turned for 10 to 15 minutes such that the
11OW is perpendicular to the surj%cc  of the sample. This allows rapid direct passage of the developer through the grid
slits, The subsequent rinses arc both performed with this perpendicular orientation of the sarnplc,  the first rinse for
30 to 60 minutes and the D] water rinse for at least 1 hour. Long rinse times in the D] water rinse reduce the
likelihood of the rcsi(iuc which can remain after developing.

7

The cxposccl  samples of the original design were developed fronl one siclc only Stirring agitation was used to
develop these samples and duc to the extremely small size of the exposed areas, developing took up to 3 days to
perform. 7’hc unexposed areas of these samples were not attacked despite lhc long develop time. It was very
inlportaat to Icmovc the developer with a high concentration of clissolved  PMMA from within the deep slots and this
was performed by using these long develop times. Although ultrasonic agitation inc~cased  transport greatly, the fine
geometry of the grid ]NOICIS  could not withstanci  this type of agitation and the mold was destroyed when it was used.



1[ ]nust bc dc[crmined wbctbci or not the 1’MMA grid has been ful]y  developed and all the slots are comp]ctc]y
clcai-cd of undc.vclopcd  cxposc(i rcsis( ancl/or residues. Onc method dlat wc have used with good results has been an
evaporation of aluminum through the grid slits. If the slits are developed lbrough,  the evaporated aluminum can
pass through. The developed sample is placed over a glass plate and then the glass plate and sample arc mounted on
a rotating chuck in an evaporator. “1’hc rotating chuck ensures that the evapo~ating aluminum, traveling line-of-sight,
can pass through the slits if they are free of obstruction. After the evaporation, the aluminum pattern on the glass
plate is examined to detcrlnine the quality of the developing.

4.4 Itlcctroplaling

All electroplating fol- the HISS1 grids is performed using a copper plating bath. Oncc this process is fully stable,
the grids will be plated using a gold batb which has electroplating characteristics similar to that of copper baths.

Tbc developed I’MMA grid mold is mounted on an coppel plate with a very clean surface. The mold is attached to
the plate using a highly conforming, non-conducting tape such that only the gricl portion of the sample is open to the
elcctroplat  ing bath. ‘Ilc sample is immersed in a commercially avai Iable acid copper plating bath (Scl-Rex  Cubath
M). Several types of bath agitation have been tested including mechanical ap,itation,  bubbling agitation, simple flow
over the surfssce (not laminar  flow). Currently, only enough agitation is used to ensure a good concentration of
electrolyte at the top surface of the grid pattern since diffusion appears to bc the rate-limiting mechanism in filling
the grid mold while still maintaining a constant plating rate over the whole area of the pattern. This diffusion is
comparatively slow and the plating up of 800 ym of coppel takes several days.

S. RllSLJI.lS ANI) CONC1  /USION

Many X-ray masks for }11;SS1 grid patterns have been successfully fabricated and used in exposures with
synchro(ron  X-ray radiation sources. The absorber thickness on the Inasks ranged from 20 to 27 pm. For exposures
at SSIU.,  25 pm thick gold absorber is acceptable but should ideally be closer to 40 pm for optimum contrast
bctwccn exposed and unexposed areas and therefore better geometric definition in the dcvclopcd  part.

The stacked PMMA sbcct configuration ensures that the registration of the grid, the distance between the slat
cen~erlines, is the same from sbcct to sheet. The size of the features will vary for the. six sheets since diffraction and
pbotoclcctr-on production effects will bc different for each sheet but theory shows that this effect will be small - on
the order of 0.5 pm horizontal feature dimension deviation per 1 mm thickness of resist.6

One factor that can I-educe the accuracy of the grid registration is heating of the mask and/or the PMMA sheets.
Some of the samples with large exposure areas have uneven developing over the area of the exposure. Some areas
have all the 1’MMA removed, not leaving even the nominally unexposed areas. ‘1’hcse areas are at the top and
bottom of the scanned area on the resist. This variability is not due to exposure Ihrcmxh the absorber since the masks
usually have an absorber thickness constant to within 10% over tllc whole. wafer. Therefore this variability y is
probably duc to the heat generated by the beam acting on the mask and causing it to expand vertically up and down
repeatedly such that nominally unexposed areas are exposed due to repeated mask/resist misalignment. Another
possibility is resist heating caused by preferential heating of the ends of the scan area due to the shorter period of
time between exposure of the PMMA at the ends compared to the middle of the scan area which is scanned evenly
every one half of one scan period. The largest exposed samples have 34 pm pitch grici patterns 6 cm in diameter but
tbc. largest successfully exposed nnd developed I’MMA grid mold samples arc 1.5 inches square.

Tbc exposures include both the original and current designs for ttle grids. I’hc fabrication method using post-
exposure application of a sputtered/plated electroplating surface does not solve the ~rid registration problem during
electroplating of the original design. however, it is shown that the lnethod does allow a pattern to be exposed in a
free-standins sheet of I’MMA and bc attached to a substrate so that free-standing fea[urcs  of the PMMA arc not
removed during the subsequent developing and electroplating processes, as pictured in Fig. 6.



. . .

k’igurc 6. SEM of clcctroplatcd copper with original design I’hfMA grid mold removed. ‘l%c top has been
planarizcd  with a rough grit abrasive. Note the joint about 30 pm from the substrate at the
bottom of each blade where they meet the prc-develop, post-exposure sputtered/plated backing.
The rough plating base surface is due to electrolyte that seeps behind the free-standing mold
during the plating process.

The second method, in which the PMMA sheet is expose.ci, developed, and then attached to a conducting plate, is
successful in allowing structures to be plated, although individual free-standins  features of PMMA were not
attempted. Results of this process arc shown in Figs. 7 – 9. These J}arts have not be.cn planarized so that the plating
characteristics can be seen more easily. These sample grids, actually the reverse of stiffened grids, are
aJ>J>roxin~ately 400 pm thick (tall) and show moderate plating uniformity except for a few features which plated
much faster than the rest. This is probably due to an elcett ic field concentration a( the entrance to the slit delineating
the features, since tile features that platmi faster are usually smaller ti~an the rest of the fcatures7.

I’he current issues to bc examined for this project include the uneven exposure and dcvclopmerrt  of large exposed
areas, uneven electroplating in tile 1’MMA grid mold, and methods for increasing the development rate. The energy
ahsorbcd  by the silicon an(i gol(i mask is on (}1c or(icr  of 1 watt pcr imrizontal  ccntilneter  at SS1{1,,  totaily 6 watts for
a 3 inch wafer mask. This can bc I-cduccd by either cooling the mask or by using a pre-filter and a mask substrate
that is more X-ray trunsparcnl  thou the current 200 pm of silicon.
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Vigurc 7. SEM of electroplated copper with I’MMA grid mold removed. Samples arc 400 pm tall and on a
34 pm pitch. Note that the electroplating has not been p]anarizcd. ‘J’hc  slightly wider slit to the
right is an artifact from the mask.

l?igurc 8. SICM  of clcctroplatcd copper with PMMA grid mold removed. Samplcs  arc 400 pm tall and on a
34 pm pitch. Note the parts that plated faster than the other parts The diffcrcnccs  in Icngth of
some of the slats arc duc to the mask used for the definition of the 1’MMA grid stiffeners. ‘llc
slightly wider slit to the left is an artifact from the mask.
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I~igurc 9. S1;M of clcctroplatcd copper wi~]~ ]’MMA grid II101(I removed. fhnlplcs  arc 400” ~n~ tall and on a
34 pm pitch. The slightly wider slit to the left is doe to the mask design. ‘l%c rough plating base
surface is due to electrolyte that seeps behind the free-standing mold during the plating process.
There is some residue between the individual pieces of copper due to the incornplctc removal of
the 1’MMA mold.

The research dcscribcd  in this paper was performed by the Center for Space hfi icroclcctronics  Technology, Jet
l’repulsion 1 .aboralory,  California lrrstitute of Technology, and by Sandia National l.ahoratory,  1.ivermore,  and was
sponsored by the National Aeronautics and Space Administration, Office of Space Access and Technology.
Synchrotrons X-ray beam time was provided by the Advanced Ligh[  Source at 1.awmnce  Berkeley I.aboratory and by
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